ABSTRACT Tissue engineering aims at constructing biological substitutes to repair damaged tissues. Threedimensional (3D) porous scaffolds are commonly utilized to define the 3D geometry of tissue engineering constructs and provide adequate pore space and surface to support cell attachment, migration, proliferation, differentiation and neo tissue genesis. Biomimetic 3D scaffolds provide synthetic microenvironments that mimic the natural regeneration microenvironments and promote tissue regeneration process. While nano-fibrous (NF) scaffolds are constructed to mimic the architecture of NF extracellular matrix, controlledrelease growth factors are incorporated to modulate the regeneration process. The present article summarizes current advances in methods to fabricate NF polymer scaffolds and the technologies to incorporate controlled growth factor delivery systems into 3D scaffolds, followed by examples of accelerated regeneration when the scaffolds with growth factor releasing capacity are applied in animal models.
INTRODUCTION
Tissue engineering aims at constructing biological substitutes to repair damaged tissues (1) . Porous threedimensional (3D) scaffolds are commonly utilized to define the 3D geometry of regenerating tissues and to provide interconnected pore network and adequate pore surface to support cell attachment, migration, proliferation, differentiation and neo tissue genesis. Biomimetic 3D scaffolds provide synthetic microenvironments that mimic the natu-ral regeneration microenvironments and promote tissue regeneration process (2) (3) (4) . A synthetic biomimetic niche can provide the local microenvironment to control stem cell recruitment and fate (5) . Therefore, a biomimetic scaffold can be designed to have certain artificial features (such as porosity and interconnected pore network) to accommodate tissue growth, to resemble certain features such as nanofibrous (NF) architecture of the natural extra-cellular matrix (ECM), and to deliver bioactive molecules in a temporally and spatially controlled fashion (2) . A variety of natural and synthetic materials have been exploited to fabricate 3D scaffolds and drug delivery systems. Among these, synthetic biodegradable polymers have been extensively studied (6) (7) (8) due to the flexibility of adjusting the composition and structure to meet specific needs of various tissue regeneration applications. The present article summarizes current advances in methods to fabricate synthetic biodegradable NF polymer scaffolds and the technologies to incorporate controlled-release growth factor delivery system into the 3D scaffolds.
FABRICAION OF SYNTHETC NF BIODEGRADABLE POLYMER SCAFFODS
Collagen is the major ECM component of many tissues and often has a fibrous architecture with fiber bundle diameters ranging from 50 to 500 nm (9) . Collagen and its derived materials (such as gelatin) have been widely used to fabricate 3D scaffolds (10) (11) (12) (13) . Synthetic polymer scaffolds mimicking the architecture of collagen fibers have been developed with several techniques.
Electrospinning
Electrospinning technique has been recently utilized to fabricate tissue engineering scaffolds (14) (15) (16) , although this technique was initially applied to produce industrial and household non-woven fabric products. The electrospinning system includes a polymer solution or melt reservoir, a high voltage electric field and a grounded target collector. When high voltage is applied to overcome the surface tension of polymer solution or melt, a charged jet is generated toward the collector. The solvent evaporates or the melt solidifies while arriving at the grounded collector. In this way, a nonwoven fibrous mat is fabricated. By adjusting the electrospinning conditions, fiber diameters ranging from nanometer to micrometer scales can be generated. The major advantage of the electrospinning technique is that it can be used to fabricate NF scaffolds from a large variety of materials, including natural macromolecules, such as collagen, chitosan and silk fibroin (14, (17) (18) (19) ; synthetic biodegradable polymers, such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly (lactic acid-co-glycolic acid) (PLGA) and poly(ε-caprolactone) (PCL) (15, 16, (20) (21) (22) ; or a blend of these materials (23) (24) (25) (26) . Although electrospun scaffolds have been utilized to regenerate multiple types of tissues (27) (28) (29) (30) (31) , it remains a great challenge to incorporate macro-pore network structure that allows deep cell penetration (32) (33) (34) , limiting their applications in regenerating large-sized tissues. Another disadvantage of this technique is that complex 3D shapes are hard to achieve.
Thermally Induced Phase Separation
Thermally induced phase separation (TIPS) of a variety of polymer solutions has been exploited in our laboratory to fabricate 3D scaffolds (35) (36) (37) (38) . Under certain temperature conditions, a homogeneous polymer solution becomes thermodynamically unstable and separates into a polymerrich phase and a polymer-lean phase. After removal of the solvent, the polymer-lean domains become pores, while the solidified polymer-rich phase forms a 3D structure. Depending on the type of polymer and phase separation parameters (e.g. solvent and temperature) applied, various pore structure and scaffold architecture can be generated. When a PLLA solution with a suitable solvent is subjected to TIPS at the right conditions, NF architecture develops (35, 36) . The fiber diameters range from 50-500 nm, resembling the architecture of natural collagen fiber bundles. To overcome the limitation of cell penetration into NF matrices, a pre-designed interconnected spherical macro-pore network has been incorporated into the NF structure during the fabrication process (36, 37) (Fig. 1) . Furthermore, to control the overall 3D shape of the scaffold, a reverse solid free-form fabrication technique has been developed based on reversed images of computed tomography scans or histological sections of human anatomical parts (39, 40) . In this way, the 3D NF scaffold has hierarchical structures: the wall matrix resembles the architecture of natural ECM; the interconnected macro-pore network supports cell penetration and tissue growth; the gross geometry resembles the patient anatomical shape of defects. The NF architecture leads to significant changes in physical properties of the scaffolds. The NF scaffolds have surface areas about two orders of magnitude higher than those of the conventional solid-walled (SW) scaffolds (36) . The high surface area of the NF architecture substantially accelerates the hydrolytic degradation rate of the scaffolds, making the NF scaffolds more suitable for tissue engineering applications (41) . The higher surface area also greatly increased the amount of serum proteins adsorbed on the NF scaffolds (42), which have a beneficial effect on the cell attachment, growth, and tissue regeneration (42) (43) (44) . The NF scaffolds have been demonstrated to promote the differentiation of multiple cell types and regeneration of various tissues (43, (45) (46) (47) (48) .
DELIVERY OF GROWTH FACTORS ON 3D NF SCAFFOLDS
Growth factors are important bioactive molecules that play a critical role in the regeneration microenvironment. Incorporation of appropriate growth factors into the scaffolds can greatly accelerate the regeneration process. As proteins and peptides, growth factors usually have very short half-lives in vivo, while the target cells are often only responsive to a growth factor when the concentration is above a certain threshold level. Therefore, controlledrelease systems are desired for the delivery of growth factors in 3D scaffolds (49) (50) (51) (52) (53) . One of the major challenges in this strategy is that the growth factors may denature during the incorporation into the delivery vehicles or the incorporation of the delivery vehicles into the 3D scaffolds due to inappropriate exposure to organic solvents or heat treatments. Another challenge is that they may be eluted either partially or entirely out of the vehicles during the fabrication, for example when an aqueous solution is used to remove the porogens used to generate macro-pores. In addition, incorporated drug delivery systems may negatively affect the structure, mechanical properties or degradation properties of the scaffolds (49, 54) . Therefore, optimal delivery systems and appropriate incorporation techniques are needed to achieve the growth factor delivery in a temporally and spatially controlled fashion while maintaining the necessary properties of the designed scaffolds.
Incorporation of Growth Factors Inside the 3D NF Scaffolds Wall Matrices
Several methods have been developed to encapsulate the growth factors directly inside the scaffolds during the scaffold fabrication process. In an emulsion freeze-drying method, an emulsion containing proteins and PLGA was subjected to the freeze-drying treatment to form porous structures and encapsulate the proteins inside the pore walls simultaneously (49) . Encapsulated bone morphogenetic protein-2 promoted ectopic bone formation in rats (55) . However, the small pore size of the scaffolds did not support effective host cells penetration and caused a void in the central part of the implants. Similar polymer-protein emulsions were electrospun into protein-encapsulated fibers (56) (57) (58) . In an alternative method, coaxial electrospinning technique was developed to simultaneously spin two different polymer solutions and generate a core-shell structure (59) . While the proteins were mainly incorporated and distributed in the core part, burst release was significantly reduced, and the release duration was prolonged (60, 61) . High bioactivity was preserved when aqueous solution was used to dissolve growth factors and core materials (62) . Incorporation of porogens in the shell materials was utilized to further tune the release profile (63) .
The major shortcomings associated with the direct encapsulation methods include 1) the structure, mechanical properties and/or degradation properties of the scaffolds are altered during the incorporation process; 2) the releasing profile of incorporated proteins is dependent on the bulk degradation of the scaffolds, which may not be appropriate for many tissue regeneration applications that need slower degradation of scaffolds to provide a longer mechanical support. Therefore, strategies capable of separating the scaffold fabrication process and delivery system incorporation process may provide more versatile solutions.
Incorporation of Growth Factors on the 3D NF Scaffold Wall Matrices
Immersing the scaffolds in protein solution and thereby adsorbing the proteins on the inner surface of porous scaffolds may be the easiest way to deliver growth factors (64) . NF scaffolds have been demonstrated to be able to adsorb a much higher amount of serum proteins than SW scaffolds, due to the significantly larger surface areas (42) . This characteristic can be utilized to load a higher amount of growth factors. However, the ability to control release kinetics is poor for this passive adsorption method, with a short release duration that may not be sufficient to achieve the desired biological effects (64) . Furthermore, the adsorption of proteins on solid-phase materials may change the conformation and result in loss of the bioactivity of proteins. Alternatively, in an emulsion coating process, the growth factors were coated on the surface of inner pores of pre-fabricated porous scaffolds, with a protective polymer layer (51, 65) . However, the availability of solvent types is limited, and the macro-pore structure is substantially altered by the coating process.
A novel method developed in our lab immobilizes the microspheres (MS) or nanospheres (NS), encapsulating growth factors onto the inner pore surface of prefabricated NF scaffolds without altering the overall architecture of the 3D scaffolds (52, 53) . In this way, the pore architecture and the properties of the 3D scaffolds are separated from the controlled delivery profiles of growth factors that are primarily determined by the MS or NS formulation. Therefore, this approach is more versatile to meet the specific requirements for various combinations of scaffold properties and release profiles to regenerate various tissues. Polymeric MS and NS have been widely utilized to effectively encapsulate bioactive molecules, protect unstable substance from denaturing and degradation, and control the release profile in a temporally controlled fashion (7, 66) . A variety of methods of fabricating MS/NS have been addressed by others in details (67, 68) . In a typical double emulsion protocol, aqueous protein solution is first emulsified into a PLGA solution to form primary water-in-oil emulsion, followed by adding the emulsion into an aqueous solution under stirring or sonication to generate a water-inoil-in-water double emulsion. After the removal of organic solvent, spherical particles with diameters ranging from nanometers to micrometers are generated, depending on the concentration of surfactant and the emulsion strength applied (69) . The release of encapsulated proteins is controlled by the diffusion in the first stage and polymer degradation in the second stage. By adjusting the ratio of LA/GA or the molecular weight of the PLGA copolymers, various release profiles can be achieved with release duration from several days to months.
It has been verified that the high bioactivities of both encapsulated parathyroid hormone and platelet-derived growth factor (PDGF) were preserved after being released from the spheres, with the ability to stimulate cellular cyclic adenosine monophosphate (cAMP) level (69) or human gingival fibroblast proliferation (52), respectively. The spheres were then immobilized onto the inner surface of porous NF scaffolds (Fig. 2) . Although the size and related surface-to-volume ratios of PLGA MS/NS can be used to tune release profile (70) , to achieve high efficiency of postseeding inside the 3D scaffolds, the MS/NS with diameters less than 1 μm were selected. The PLGA MS/NS suspension in hexane was seeded into the 3D scaffolds, followed by solvent evaporation, and a mixture of hexane/ THF treatment to immobilize the spheres. MS or NS were attached on the pore wall surface and evenly distributed in the porous NF scaffolds, without altering the macro-porous network structure. The dose of growth factors to be delivered can be adjusted either by the amount of encapsulated proteins in the spheres or the amount of spheres immobilized on the porous scaffolds. The release profile was tuned mainly by adjusting the ratio of LA/GA or the molecular weight of PLGA copolymer (Fig. 3) . Compared to the free spheres, the immobilization of spheres on 3D scaffolds reduced the burst release and prolonged the release duration (52), which are desired for most regeneration applications involving growth factors. While the temporally controlled delivery was mainly tuned by the chemical composition of polymeric spheres, the localization of spheres inside 3D scaffolds could be used to control the spatial distribution of delivered growth factors (unpublished data).
The MS/NS-containing scaffolds have been evaluated for promoting angiogenesis and osteogenesis in animal models. In one study, bone morphogenetic protein-7 (BMP-7) was incorporated into the NS and immobilized onto the 3D NF scaffolds (53) . Bone morphogenetic proteins have been shown to promote neo-bone-formation both at orthotopic and ectopic sites in various animal models (71) (72) (73) (74) (75) . After subcutaneously implanted in rats, BMP-7 NS-containing scaffolds significantly induced ectopic bone formation (Fig. 4) . In contrast, passive adsorption of the same amount of BMP-7 on the scaffolds failed to elicit osteogenesis, probably due to the loss of bioactivity and insufficient release duration. In another study, PDGF was incorporated into the 3D NF scaffolds the (52) . Recombinant human PDGF has been approved by the US Food and Drug Administration to treat diabetic foot ulcers, due to its ability to promote angiogenesis and wound healing (76) . After subcutaneously implanted in rats, the PDGF MS-containing scaffolds promoted tissue growth and angiogenesis, compared to the control group without PDGF. The extent of effect was not only dependent on the dosage delivered, but was also dependent on the release profile. Notably, angiogenesis was significantly increased in the scaffold that released PDGF relatively slowly than in the scaffold that released PDGF rapidly (Fig. 5) . Further study found that the PDGF-induced gene expression profiles of several chemokine family members were affected by the release profile (77) , which may contribute to the observed various extents of angiogenesis and tissue ingrowth. While in these cases the biological effect of single growth factor delivery is illustrated, this method can be readily adopted to deliver multiple growth factors with distinct release profiles (78) .
Due to limited pore size, post-seeding of MS/NS is limited for most electrospun NF scaffolds. Different methods have been developed to incorporate MS/NS drug delivery system into scaffolds during the electrospinning process. In a dual-electrospinning method, a PCL jet and a poly(ethylene oxide) (PEO) jet with pre-fabricated MS were electrospun onto a common mandrel (54) . After removal of PEO, the MS were entrapped between the electrospun PCL nano-fibers. The stiffness and modulus of the composite scaffold were not altered with the incorporation of MS. In another method combining electrosprying and electrospinning, insulin-like growth factor was encapsulated into MS by coaxial electrosprying and entrapped between electrospun PLGA nano-fibers (79) sequentially. The composite scaffolds were found to promote the in vitro growth of mesenchymal stem cells. 
Delivery of Other Bioactive Molecules on NF Scaffolds
While growth factor delivery is discussed here, the abovementioned methods can be easily adapted to deliver other bioactive molecules. DNA has been incorporated into other 3D scaffolds with several methods (80, 81) and has been recently delivered from electropsun NF scaffolds (82) (83) (84) . Antibiotics (85, 86) and chemotherapeutics (87, 88) were also reported to be delivered from electrospun or TIPS NF scaffolds. For instance, doxycycline was recently incorporated into the 3D NF scaffolds in a similar way (86) . Doxycline, a broad-spectrum antibiotic against both Gram-positive and Gram-negative bacteria, has been applied clinically to treat periodontal disease (89, 90) . The in vitro released doxycycline from NS immobilized on NF PLLA Scaffolds significantly inhibited the in vitro growth of common bacteria including S. aureus and E. coli, which may have a beneficial effect in preventing infection when the scaffolds are used to repair periodontal defects.
CONCLUSIONS
Tissue engineering has experienced tremendous growth in the past two decades. Enormous advances have been achieved in fabricating novel biomimetic scaffolds, which resemble the natural regeneration microenvironment at multiple levels. Sophisticated technologies are being developed to more precisely control temporal and spatial delivery of bioactive molecules in tissue engineering scaffolds. This review focused on the delivery of growth factors in porous NF synthetic biodegradable polymer scaffolds. Readers can find a comprehensive review on the delivery of growth factors from hydrogels (91) . We hope that the contents have illustrated the principles of growth factor deliveries from 3D NF scaffolds and that readers will be able to find detailed information from the cited references and related literature.
